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Introduction
Dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI) is widely used in breast cancer diagnosis and staging. DCE-MRI has widely demonstrated diagnostic value in breast imaging [1] . It provides high-resolution morphological information regarding the contrastenhanced characteristics of the lesions. Although DCE-MRI has a high sensitivity of 94-100%, the specificity is only 40-80% for the characterization of the breast [2] [3] [4] . In addition to this relatively low specificity, DCE-MRI is time consuming and expensive. Furthermore, it carries the risk of potential side effects from the contrast media. Therefore, non-contrast-enhanced imaging techniques have been actively investigated as alternatives or adjuncts to DCE-MRI to detect breast cancer [4] [5] [6] [7] [8] .
Diffusion-weighted MRI (DWI) is a promising non-contrast-enhanced imaging technique that is now well established in clinical breast MRI. DWI provides microstructural information regarding the diffusion of water molecules in the tissue cellularity and tissue structure. By using quantitative analysis with the apparent diffusion coefficient (ADC) values, the discrimination of benign and malignant breast lesions is possible, as well as the early identification of the treatment response in the neoadjuvant setting of breast cancer [9] [10] [11] [12] [13] [14] . Although DWI can be interpreted both qualitatively and quantitatively, previous studies have primarily focused on the ADC quantification of breast lesions because of the reduced spatial resolution of DWI. There are few studies that have explored the use of this method for the qualitative morphological evaluation of breast lesions on DWI [15] [16] .
The most commonly used sequence for clinical DWI is the single-shot echo-planar imaging (ss-EPI) due to the tolerance to motion and short imaging time. However, the ss-EPI technique is prone to susceptibility artifacts, such as geometric distortion, signal dropout and image blurring [17] . To date, various advanced MR techniques have been proposed for distortion correction in EPI imaging [18] [19] . The readout-segmented EPI (rs-EPI) is an alternative to ss-EPI for DWI with reduced distortion. The rs-EPI technique produces shorter echo-spacing than ss-EPI by dividing the k-space into separate segments in the readout direction [20] . The susceptibility artifact and image distortion can be reduced when rs-EPI is combined with parallel imaging [21] . In DWI of the breasts, previous studies have reported that rs-EPI images were of significantly higher image quality, spatial resolution and higher diagnostic accuracy than conventional ss-EPI [20] [21] [22] . In a previous work, we also demonstrated that rs-EPI was qualitatively superior to ss-EPI in terms of overall image quality, anatomical structure distinction and conspicuity of the lesions [23] .
We hypothesized that DWI images obtained with rs-EPI would allow the morphological analysis of breast tumors and that the morphological information obtained via DWI could be used for breast lesion characterization, similar to the BI-RADS lexicon of DCE-MRI. Therefore, the aim of this study was to determine the diagnostic utility of qualitative analysis to assess the morphological features of breast lesions using DWI images with rs-EPI and to evaluate the added value for differentiation of malignant and benign lesions in patients with breast cancer.
Materials and methods Patients
This study was approved by the Catholic Medical Center Office of Human Research Protection Program (CMC-OHRP)/Institutional Review Board (Approval No. KC13EISI0736), and all participants provided written informed consent for participation and publication of the research findings. Between November 2013 and November 2014, 99 patients (age range 33-83; mean age 55.4 years) with 144 pathologically verified lesions were enrolled (malignancy 112; high risk lesion 13; and benign lesion 19). The inclusion criteria were as follows: (1) no contraindications for the use of contrast agents, (2) no previous neoadjuvant chemotherapy or radiotherapy, and (3) BI-RADS 4/5 lesions detected on breast MRI with subsequent tissue confirmation (targeted ultrasound and ultrasound-guided biopsy or excision). The histopathological results are described in Table 1 .
Image acquisition
MRI images were acquired with the patient in the prone position using a 3.0 T scanner (Magnetom Verio; Siemens Medical Solutions, Erlangen, Germany) equipped with a breast coil. The following sequences were used: (1) axial, turbo spin-echo T2-weighted imaging sequence (TR/TE of 3530/93; flip angle 80˚; 34 slices; FOV 320 × 320 mm; 576 × 403 matrix; 1 NEX; slice thickness 4 mm; and acquisition time 2 minutes 28 seconds); (2) axial DWI using rs-EPI (RESOLVE) (b = 0 and 750 seconds/mm 2 ) (TR/TE 5600/55; echo train 32; spectral fat saturation (CHESS); phase encoding direction AP; voxel size 2.1 × 1.8 × 4.0 mm 3 ; average 1; FOV 360 × 180 mm; matrix 192 × 82; slice thickness 4 mm; acquisition time 2 minutes 31 seconds; and 5 readout segments) and automatically generated ADC maps using built-in MRI software; 
Image analysis
DCE-MRI image analysis as the reference standard. All MRI images were reviewed by two breast radiologists with 13 and 6 years of experience in breast imaging. Any discrepancies were resolved by consensus. Morphological and kinetic analyses were performed on DCE-MRI using the American College of Radiology (ACR) Breast Imaging Reporting and Data System (BI-RADS) lexicon, fifth edition [24] . BI-RADS categories 1 to 3 were considered negative, while categories 4 and 5 were considered positive for malignancy.
Qualitative DWI analysis. If a hyperintense lesion was visible on index DWI images, the characteristics were subjected to qualitative DWI analysis using the morphological descriptors shown in Table 2 . In contrast, if the lesion was not visible in the DW images, it was considered a negative case and then excluded from DWI analyses. The morphological descriptors for breast lesions used in the qualitative analysis on DWI are described in Table 2 . The lesions were assessed with a three-level confidence score for qualitative analysis. These scores were characterized as follows: 1, probably benign (low probability of malignancy <10%); 2, indeterminate (intermediate probability of malignancy ranging from 10-50%); and 3, probably malignant (high probability of malignancy >50%). If the mass type lesions presented with minor findings associated with/without one intermediate descriptor or the non-mass type lesions presented with minor findings, they were scored a 1 (e.g., oval circumscribed mass with homogeneous/heterogeneous internal pattern). The mass type lesions with at least two intermediate findings or the non-mass type lesions with one intermediate finding were scored a 2 (e.g., non-circumscribed mass/non-mass lesion with heterogeneous internal pattern). Lesions with at least one major finding were scored a 3 (e.g., spiculated mass/segmental non-mass or noncircumscribed mass/non-mass with rim sign). A score of 1 was considered negative. Scores of 2 and 3 were classified as positive for malignancy. Examples of typical cases for each type of score are shown in Fig 1. Quantitative DWI analysis. The ADC value was calculated according to the formula: . A region of interest was manually drawn to encompass the corresponding lesion on the ADC maps. The DCE-MRI images were referenced to avoid fatty or necrotic tissues. At least three measurements were performed for each lesion. The lowest value was accepted as the ADC value. Receiver operating characteristic (ROC) curve analysis was performed to determine the optimal ADC cutoff value to differentiate malignant and benign tumors. The optimal cutoff value was determined by using the maximum Youden index (sensitivity + specificity-1), assuming sensitivity and specificity were equally important. The resulting ADC cutoff value (1.0×10 -3 mm 2 /s) was used for the combination analysis in the next step. Combination DWI analysis. We reassessed cases to evaluate the added value of qualitative analysis to quantitative analysis on DWI. For lesions that received a score of 1 or 2 on qualitative analysis, the final classification was based on the ADC value regardless of the qualitative score. All lesions with a score of 3 were classified as malignant regardless of the ADC value.
Data and statistical analysis
To identify lesion characteristics in DWI analyses to predict malignancy, univariate and multivariate logistic regression analysis were performed by using the Chi-square test and Wilcoxon rank sum test (Table 3) . Based on the univariate analysis results, we selected covariates for multivariate logistic regression analyses among the variables. These covariates were shape, margin, internal pattern, and ADC value for mass type lesions. We then calculated the odds ratios with 95% confidence intervals and P-values for each predictor variable. The diagnostic performance of each DWI analysis (qualitative alone, quantitative alone, and the combination of both qualitative and quantitative) was evaluated and compared with that of DCE-MRI by comparing ROC curve analyses. Following this, the diagnostic performance of the DWI combination analysis according to lesion size was evaluated using a Chi-square test and Hanley JA & McNeil BJ's method to determine the difference between two independent AUCs. All the statistical analyses were performed using the software package SAS Enterprise Guide 5.1 (SAS Institute, Inc., Cary, NC, USA) and MedCalc ver. 16.1 (MedCalc software, Mariakerke, Belgium). P-values <0.05 indicated statistical significance.
Results
The mean size of the malignant masses was 2.42 ± 1.78 cm, and the mean size of the benign masses was 1.03 ± 1.21 cm. The median sizes of the malignant and benign masses were 2.0 cm (range: 0.5-10.2 cm) and 0.75 cm (range: 0.3-6.8 cm), respectively. Three lesions were not visible on DWI: a 1.5-cm radial scar, a 0.6-cm intraductal papilloma, and a fibrocystic change of 0.4 cm. Of the 141 lesions visible on DWI, 119 were mass type lesions, and 22 were non-mass type lesions.
The significantly frequent morphological features among the malignancies were round/ irregular shapes and irregular/spiculated margins for mass type lesions (P<0.0001, Table 3 ). For non-mass type malignancies, the significant features were linear/segmental distribution and heterogeneous internal pattern/rim sign (P<0.0001, Table 3 ). The significantly frequent morphological features among benign breast lesions were an oval shape and a circumscribed margin for mass type lesions (P<0.0001) and focal and homogeneous internal patterns for non-mass type lesions (P<0.0001). For univariate analysis, the following DWI features were significantly different between benign and malignant lesions: shape, margin, the pattern, and ADC cutoff value of 1.0×10− 3 mm 2 /s for mass type lesions. Lesion characteristics for NME type lesions were not included in the multivariate analysis because the variables were not significant in the univariate analysis. With multivariate logistic regression analyses (Table 4) , a heterogeneous internal pattern (P = 0.005) and ADC value <1.0×10 -3 mm 2 /s (P = 0.002) were the DWI features with the strongest independent indications for malignancy (Fig 2) . /s. ROC analysis comparing the diagnostic performances of DWI and DCE-MRI is described in Table 6 and (Fig 3) . The AUCs of the independent qualitative and quantitative DWI analyses were lower than the AUC of the DWI combination analysis, although the difference was not statistically significant. The AUC of the DWI combination analysis was superior to that of DCE-MRI only but was inferior to that of DCE-MRI plus ADC value (P = 0.003 and P = 0.03, respectively).
The diagnostic performance of the DWI combination analysis according to lesion size is shown in Table 7 . The sensitivity and positive predictive value of the size 1 cm group (80% and 72.7%, respectively) were significantly lower than those of the size >1 cm group (95.6% and 97.8%, respectively) (P = 0.034, P = <0.0001). However, the other diagnostic indices did not differ significantly according to lesion size. 
Discussion
Our study demonstrated that qualitative DWI analysis based on morphological analysis was useful in predicting malignancy and has a potential to improve the diagnostic performance of DWI. Using multivariate analysis, the heterogeneous internal pattern of various morphological descriptor on DWI, such as that of a low ADC value (<1.0×10− 3 mm 2 /sec), was the most significant independent predictor of malignancy. Additionally, the combined DWI analysis enabled improved diagnostics to predict breast cancer by increasing sensitivity without a loss of specificity in quantitative ADC analysis, although it was inferior to the combination of DCE-MRI and ADC. Currently, there have been few studies that evaluate the diagnostic usefulness of the morphological analysis of breast lesions on DWI [15] [16] . Previously, Kang et al. investigated the diagnostic accuracy and usefulness of a high signal rim sign on DWI [15] . The sensitivities, specificities, and AUC values were 59.7%, 80.6%, and 0.701, respectively, for the rim sign and 82.3%, 63.9%, and 0.731, respectively, for the ADC value (cutoff 1.46×10− 3 mm 2 /sec). Their results suggested that a high signal rim sign on DWI was a valuable morphological feature to improve specificity in DWI. However, they only focused on one morphological characteristic on DWI, the rim sign. We think that further evaluation of the diagnostic performance and positive predictive values of each morphological descriptor are necessary for the differentiation between benign and malignant lesions on DWI. Recently, Barentsz et al. examined the diagnostic value of qualitative analysis of DWI using the reduced field-of-view (rFOV) technique in 30 breast lesions [16] . In that study, the shape and BI-RADS classification of the lesions were considered in the qualitative analysis. The discriminative abilities based on ADC values were similar for ss-EPI and rFOV, with AUCs of 0.79 and 0.82, respectively. When the lesion shape was included in the analysis, the AUCs from the three readers ranged from 0.74 to 0.91 for rFOV and from 0.67 to 0.75 for ss-EPI. When the BI-RADS classification of the lesion was added to the interpretation, the AUCs for the three readers were 0.71-0.93 for rFOV, 0.61-0.76 for ss-EPI, and 0.87-0.91 for DCE-MRI. These results suggested that additional assessment of tumor morphology with rFOV contributed to the higher AUCs, which is consistent with our results. However, the rFOV technique has two major limitations: unilateral breast coverage and additional scan time as an adjunct to standard DWI. Therefore, we believe that the rs-EPI technique is advantageous over rFOV because it can cover the entire breast. Recently, breast DWI has been investigated as a single modality or in combination with other unenhanced MRI sequences. Combining DWI with other non-enhanced MR sequences may overcome the limitations by simultaneously providing anatomical and functional information about the breast tumors [25] [26] [27] [28] [29] . Our study focused on the diagnostic potential of DWI with rs-EPI alone. The lesion detection rate on DWI with rs-EPI was 97.9%. Two of the three invisible lesions on DWI were <1 cm. Based on the lesion size, the sensitivity and positive predictive value were significantly less in the size 1 cm group than in the size >1 cm group. Although the rs-EPI technique had higher diagnostic accuracy than ss-EPI in previous studies [20, [22] [23] , our results demonstrate that the spatial resolution of the rs-EPI technique at 3 T was limited in the detection of early breast cancer. The relatively low spatial resolution and distortion of DWI influenced lesion detectability. A small lesion below the spatial resolution of DWI may not be suitable for qualitative morphological analysis. In the lesion characterization, the marginal features of a small lesion (i.e., spiculated margin) could not be clearly demonstrated and thus could not contribute to the differential diagnosis between benign and malignant lesions. In a recently published study by Bogner et al. [21] , DWI with combined parallel imaging and rs-EPI at 7 T yielded high-quality ADC maps and submillimeter in-plane high-spatial resolution images for lesion characterization. This reflects the potential of DWI of the breast at 7 T to overcome the former restrictions in spatial resolution. The morphological assessment of breast tumors with high-resolution DWI can play an important role in overcoming these limitations.
In this study, the morphological features of the breast tumors were visually assessed by radiologists, which is subjective to high intra-and interobserver variability. Textural analysis can describe the relation of the gray levels between neighboring pixels by applying various mathematical methods, and it can provide quantitative morphological features regarding tumor spatial heterogeneity, which has been known to be an important prognostic factor [30] . Intratumoral spatial information can be quantified as a range of parameters. Previous studies have investigated the clinical application of textural analysis for the differentiation of benign from malignant breast lesions in DCE-MRI [31] [32] [33] [34] . Although the application in breast DW-MRI has yet to be widely investigated [35] , we expect it has promising potential to provide objective and quantitative morphologic parameters of the breast lesions on DWI. However, the implementation of texture analysis is promising while remaining challenging in routine clinical use. The one-to-one correspondence relationship between the quantitative morphologic features of textural analysis and the morphological descriptors of BI-RADS lexicon have yet to be established [36] [37] . In addition, the effects of image acquisition and image quality on textural analysis with MRI should also be explored in future investigations.
Our study had several limitations. First, the patients were selected from those that were assigned for preoperative analysis. Therefore, selection bias may have been introduced. Second, our study populations included mostly malignant lesions, with a relatively small number of benign lesions. This may make it difficult to generalize our results to the entire spectrum of breast lesions. Therefore, further investigations with a more widespread distribution of histopathological subtypes are necessary to corroborate the results of this study. Third, the morphological descriptors used in DWI qualitative analysis are arbitrary, and scoring can be subjective. Interobserver and intraobserver variability is also not considered for image interpretations because all images were interpreted by two radiologists in consensus. As briefly discussed above, textural analysis using computerized software could overcome the limitation of visual assessment and provide more objective quantitative morphological information.
In conclusion, DWI with the rs-EPI technique is both diagnostically applicable and useful for predicting malignancy. Multivariate analyses demonstrated that the best malignant predictors for DWI were a heterogeneous internal pattern and a low ADC value(<1.0×10 −3 mm 2 /s). The combined DWI analysis improved the diagnostic performance of DWI to predict breast cancer by increasing sensitivity without a loss of specificity, although it was inferior to that of DCE-MRI plus ADC. DWI using the rs-EPI technique at 3 T still demonstrated limited spatial resolution for the detection of small breast lesions (<1 cm). Therefore, the development of a high-resolution DWI technique is needed. Further large prospective studies are needed to evaluate the contribution of high-resolution DWI as an adjunct or alternative MRI technique to DCE-MRI for the detection and characterization of breast cancer.
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